The preparation of superhydrophobic micro/nano fibers has been mainly focused on the use of electrospinning; however, practical applications are limited due to cost, scale and controllable research.
Introduction
As one of the most important aspects of surface chemistry, the wetting behavior of a liquid on a solid surface has a wide range of applications in agriculture, industry and daily life.
1 Superhydrophobic surfaces are non-wettable surfaces with a water contact angle of close to, or higher than, 150 and a sliding angle smaller than 10 . [2] [3] [4] First observed by Ollivier in 1907, superhydrophobic surfaces have gained signicant attention in the past two decades, triggered by the discovery of the "lotus effect", which originates from mimicking the lotus leaves and forces water and oil drops to roll off, leaving little to no residue or trace of surface contamination. 5 The self-cleaning and anticontamination characteristics of superhydrophobic surfaces have attracted extensive interest and they are ideal candidates for industrial applications including non-viscous coating for power lines and antennas, self-cleaning coatings for automobiles and so on. 6 Generally, low-surface-energy materials and micrometer-or nanometer-order rough surfaces are two keys to the preparation of superhydrophobic surfaces, 4, 6 based on which, many approaches have been adopted to obtain superhydrophobic surfaces, including solution-immersion, the sol-gel method, chemical vapor deposition, phase separation, the hydrothermal method, self-assembly, electrospinning, etc. 4, 6 However, these methods are complex and time-consuming, which limit their practical applications in producing superhydrophobic surfaces. Among the variety of methods, electrospinning has been identied as one of the most versatile routes for fabricating bers with diameters down to the nanometer scale, by utilizing high voltage on polymer solutions or melts. The electrospinning technique is capable of producing ne bers from a variety of materials including polymers, metals and ceramics, and is able to control ber size, composition and morphology through the adjustment of spinning solutions and conditions. In addition, electrospun nanobers exhibit enormous surface-to-volume ratio, high porosity, small pore size, and mechanical robustness, making them promising candidates for preparing superhydrophobic surfaces.
Although the electrospinning technique offers a versatile and effective option for fabricating superhydrophobic nanobers with controllable compositions and structures, this technique suffers from low production rate 7, 8 and therefore, it cannot be the ideal solution for producing superhydrophobic bers in a largescale and low-cost fashion. Moreover, the application of high voltage and large amounts of solvent can potentially result in increased production costs and safety concerns. Hence, the technological impact of developing a novel nanober production method that can eliminate the limitations encountered by electrospinning would be signicant, especially for massive production of nano-sized superhydrophobic surfaces.
Recently, several groups have demonstrated the successful fabrication of nanobers via a centrifugal spinning process from a wide range of polymers, 9-13 ceramics, 14, 15 and composite materials. [16] [17] [18] Compared to traditional micro-nano ber production methods, the centrifugal spinning process has several advantages: the apparatus is simple to implement, no electric eld is needed, ber formation is independent of solution conductivity, the technology can operate with high-concentration solutions, the production rate is high and the cost is apparently low. In this work, a centrifugal spinning system has been established to promote the large-scale and low-cost production of micro-nano bers. A schematic of the centrifugal spinning apparatus is shown in Fig. 1 ; it consists of a spinneret, which is located in the center of the spinning platform and contains eight small nozzles, a DC motor to rotate the spinneret, a speed controller for adjusting the rotational speed of the spinneret, eight rod collectors radially positioned in the outer perimeter, and two exible air foils symmetrically placed below the spinneret to generate air turbulence and accommodate the ber collection. This centrifugal spinning system is simple and is capable of eliminating the limitations of the electrospinning process.
During centrifugal spinning, a polymer solution is fed into the spinneret, which is rotated at high speed. When the rotational speed reaches a critical value, the centrifugal force overcomes the surface tension of the solution and ejects a liquid jet from each nozzle. The jet then undergoes a stretching process, accompanied by rapid solvent evaporation, and is eventually deposited on the rod collectors forming dried bers. Using this technique, the production rate of nanobers can be improved by at least two orders of magnitude, compared to that of the electrospinning.
8 Currently, most of the studies related to centrifugal spinning focus on the fabrication of micro-nano bers from different materials. In the proposed work, we focus on the innovative application of this facile technique in the preparation of superhydrophobic bers from materials such as polystyrene. The processing-structure-performance correlation is established by varying the spinning parameters and evaluating the structure and hydrophobicity of the as-prepared bers. It is demonstrated that centrifugal spinning is a promising approach that can meet the growing demand for the mass production of superhydrophobic micro/nano bers.
Experimental
Controllable fabrication of PS bers PS (M w ¼ 260 000 g mol À1 , J&K SCIENTIFIC LTD. Shanghai, China) was dissolved in DMF (Hangzhou Gaojing Fine Chemical Co. Ltd. Zhejiang, China) with stirring using a magnetic stirrer (RCT basic, IKA Works Guangzhou) for 24 hours at 60 C, and PS solutions of 16 wt%, 18 wt%, 20 wt%, 22 wt% and 24 wt% were prepared. The rotational speed of the motor was varied from 5000 to 8000 rpm. Teon spinnerets with different nozzle diameters (0.4 mm, 0.5 mm, and 0.6 mm) were used. The distance between the nozzle tip and the rod collector was adjustable from 6 cm to 12 cm. PS bers with controlled morphologies were fabricated by selectively adjusting the polymer solution concentration, rotational speed, nozzle diameter, and nozzle-collector distance. All the spinning operations were conducted at room temperature.
Preparation of hydrophobic SiO 2
Different particle sizes of hydrophobic SiO 2 were prepared by the sol-gel method. 19, 20 Firstly, 8 mL of deionized water (Labmade), 120 mL of ethanol (Hangzhou Gaojing Fine Chemical Co. Ltd. Zhejiang, China) and 6.7 mL of TEOS (Tianjin Kermel Chemical Reagent Co. Ltd. Tianjin, China) were evenly mixed in a three-necked ask at 25 C, then various amounts of ammonia (Hangzhou Gaojing Fine Chemical Co. Ltd. Zhejiang, China) were added to obtain SiO 2 sol of different particle sizes, then 3-(trimethoxysilyl)propylmethacrylate (MPS) (Aladdin Industrial Corporation. Shanghai, China) was added for 24 h to modify the SiO 2 sol, and the hydrophobic SiO 2 powder was prepared by centrifuging the sol.
Fabrication of SiO 2 /PS bers
Polystyrene is a low surface energy material, so we can improve its hydrophobicity by increasing the surface roughness. Thus, SiO 2 /PS bers were prepared by centrifugally spinning the mixture of PS, SiO 2 powder, and DMF. The SiO 2 particles introduced on the ber surface can construct a micro-nanorough structure and improve the hydrophobicity. In this work, SiO 2 with different particle sizes and amounts (3 wt%, 6 wt%, 9 wt%, relevant to the solution weight) together with PS were dissolved in DMF, respectively, and the mixture was stirred at 
60
C until the solution became clear. Consequently, SiO 2 /PS bers with different structures were obtained by spinning centrifugally with constant spinning parameters.
Characterization SEM observation. The micrographs of centrifugally-spun bers obtained using a eld emission scanning electron microscope (FE-SEM, Ultra 55, Zeiss, Germany), with accelerating voltage of 1 kV. Before SEM observation, all samples were coated with gold, using a sputter coater, to reduce charge. The diameter distributions of the bers were analyzed by combining SEM images with Nano Measurer 1.2 soware, and 50 bers were measured per sample. The mean diameters were calculated as follows:
where D represents the average diameter of the sample, N the number of bers, and N i the number of bers with diameter D i .
Particle size measurement. The particle size of silica sol was tested using nano particle size and molecular weight analyzer (zetasizer Nano S-type, Malvern Instruments Ltd, Britain). The SiO 2 sol diluted with deionized water was measured 4 times; each time was 12 s and the mean value was taken.
FTIR measurement. The variation of the functional groups before and aer modication was monitored using Fourier infrared spectroscopy (FTIR, Vertex 70, Bruker Company, Germany). The spectra were recorded in the range of 4000-500 cm À1 .
WCA measurement. The hydrophobicity was evaluated by measuring the contact angle of samples (DSA 20, Krüss, Germany) at ambient temperature. The volume of water droplets was 5 mL. The water contact angle of the samples was determined along with the average value of ve different positions.
N 2 adsorption-desorption measurement. Nitrogen adsorption-desorption isotherms were measured on a Micromeritics ASAP 2020. The Brunauer-Emmett-Teller (BET) methods were used to analyze the specic surface areas of the samples.
Results and discussion

Controllable fabrication of PS bers
Effect of spinning parameters on PS bers morphology Effect of solution concentration. To understand the correlation between concentration and ber morphology, PS bers from different solution concentrations were centrifugally-spun at constant operational conditions. SEM images and ber diameter distributions are shown in Fig. 2 . It can be seen that the ber diameters increase with increasing concentration; the average ber diameters of PS bers centrifugally-spun from 16 wt% to 24 wt% correspond to 2 mm, 5.5 mm, 7.1 mm, 9.2 mm and 11.5 mm, respectively. In Fig. 2(a), (c) and (e), both bers and beads are formed and the amount of bers is small, which is due to the viscosity not being enough to make the jet stable in the spinning process. In Fig. 2(g) and (i) , there are more formed bers and fewer beads. This indicates that the jet is stabilized and forms uniform and continuous bers, resulting from the signicant increase in viscosity as the concentration increases. However, highly-viscous solutions tend to exhibit longer stress relaxation times, which limit the evaporation of the solvents and resist jet fracturing, elongation and thinning, eventually forming bers with larger diameters. When the concentration is lower than 16 wt%, or higher than 24 wt%, no bers are formed. This is because surface tension dominates and viscosity is low at lower concentration, while a high concentration with high viscosity would cause the nozzle to clog.
Effect of rotational speed. Centrifugal spinning is the process of utilizing centrifugal force to overcome the surface tension of polymer solutions. Centrifugal force was calculated as follows: 
where F represents centrifugal force, m the mass of liquid jet, u the rotational speed, r the radius of the spinneret. The values of m and r are constant, so the centrifugal force experienced by the liquid jets increases with increasing rotational speed. 16 wt% PS solution was centrifugally spun into bers by using different rotational speeds to establish the correlation between ber morphology and rotational speed. SEM images and ber diameter distributions are shown in Fig. 3 , where the average ber diameters are 9 mm, 5.5 mm, 3.3 mm and 2 mm, prepared at rotational speeds from 5000 to 8000 rpm, respectively. This is because a higher centrifugal force can induce greater extension and thinning of polymer jets, which in turn results in ner bers.
Effect of nozzle diameter. The nozzle diameter can control the mass throughput of the liquid jet. An increase in nozzle diameter creates larger mass throughput, which in turn accelerates the ber diameter. In this work, the effect of the nozzle diameter on ber morphology was studied by using three spinnerets with nozzle diameters of 0.4, 0.5, and 0.6 mm. SEM images and ber diameter distributions are shown in Fig. 4 . The average ber diameter increased from 2 mm to 3.2 mm to 4 mm as the nozzle diameter increased.
Effect of nozzle-collector distance. The ber morphology is also closely related to the evaporation rate of the solvent in the centrifugal spinning process. Thus, varying the nozzle-collector distance can affect the evaporation rate of the solvent by changing the ight time of the liquid jet; the longer nozzlecollector distance means the liquid jet can have a longer distance to travel, which may favor the formation of ner bers. The relationship between ber morphology and nozzle-collector distance was studied by varying the nozzle-collector distance from 6 to 12 cm. SEM images and ber diameter distributions are shown in Fig. 5 . The average ber diameters were 2.5, 2.3 and 2 mm, corresponding to 6, 9 and 12 cm of nozzle-collector distances, respectively.
For preparing uniform bers, the optimized conditions of solution concentration should be higher than 20 wt%, with the highest rotational speed, the smallest nozzle diameter and the longest nozzle-collector distance, on the basis of the test above. The relationship between ber diameter and the parameters is as follows:
where D represents ber diameter, a the nozzle diameter, R c the nozzle-collector distance, n the rotational speed. surface topology of PS bers prepared from low and high solution concentrations are displayed in Fig. 6(a) and (c), respectively; between the two concentrations corresponds mostly to Fig. 6(b) , and the smooth surface structure in Fig. 6 (d) slightly exists in PS bers prepared from each solution concentration. The interpretation of the structure in Fig. 6(a) is that the regular phase morphology is generated by rapid phase separation during the centrifugal spinning process. Polymer rich regions are quickly cured to form a substrate and the solvent rich regions are apparently transformed into pores. When the uid jet is ejected into the surroundings, a glassy shell is formed on the surface of the uid jet due to solvent evaporation and simultaneously, the solvent trapped inside diffuses out from the core to the surface. Thus, a contraction mismatch between core and shell occurs, resulting in the formation of wrinkled surfaces 23 in Fig. 6(c) . The intermediate state between pore and wrinkle is the groove, shown in Fig. 6(b) .
Results show that the morphology of the PS bers can be easily manipulated by selectively controlling the spinning parameters, and the typically rough surface of the silver ragwort leaf bers with nano-scaled grooves was successfully imitated by creating wrinkles on the PS bers surface (Fig. 6(c) ).
Preparation of hydrophobic SiO 2
In this study, hydrophobic SiO 2 was prepared by the sol-gel method; the particle sizes were 122 nm, 210 nm and 306 nm, respectively. FTIR-ATR spectra of SiO 2 before and aer modi-cation are shown in Fig. 7 . The spectrum of the modied SiO 2 particles shows a weak carbonyl (C]O) stretching vibration peak at 1720 cm À1 , which indicates that MPS has been graed onto SiO 2 particles; the characteristic peaks at 1460 cm À1 and 2960 cm À1 belong to CH x .
Fabrication of SiO 2 /PS micro/nano bers
Scanning electron microscopy was used to observe the surface topography of PS bers aer their introduction onto SiO 2 . SEM images of SiO 2 /PS bers are shown in Fig. 8 , where it can be Fig. 7 FTIR-ATR spectra of SiO 2 before and after modification. seen that the SiO 2 particles are randomly distributed until they cover the ber surface. The surface roughness of SiO 2 /PS bers is increased because of the presence of SiO 2 on the surface, but some of the SiO 2 particles are dispersed in pores, grooves and wrinkles, thus reducing the surface roughness. As such, the ber surface gradually becomes smooth with increasing SiO 2 content, and different SiO 2 sizes also have inuence on the ber surface structure. As particle size increases, pores on the ber surface gradually turn into grooves and then wrinkles, probably because the evaporation rate of the solvent decreases during ber formation.
Hydrophobicity of PS bers
In order to investigate the hydrophobicity of PS bers, we measured the water contact angles; the results are shown in Fig. 9 . The water contact angle of PS bers decreases with increasing PS concentration, because PS bers centrifugallyspun from lower solution concentration have smaller diameters and bead structures, giving larger surface roughness and resulting in higher hydrophobicity. In the case of SiO 2 /PS bers, the PS bers with 3 wt% of SiO 2 have a maximum water contact angle of 151 . Although less SiO 2 particles are attached to the ber surfaces, there are more pores, grooves and wrinkles, thus resulting in larger surface roughness as a whole. PS bers with 6 wt% SiO 2 content have the minimum water contact angle. SiO 2 particles on the ber surfaces increase, but pores, grooves and wrinkles are smaller and less. Simultaneously, the ber surfaces tend to be at due to the presence of some SiO 2 in pores, grooves and wrinkles. PS bers with 9 wt% SiO 2 content are in the middle, a large number of SiO 2 particles covered the ber surface creating a greater increase in surface roughness. According to the Cassie-Baxter model, 24 if the unevenness of the solid surface roughness causes macro uctuation to a certain degree, there will be more air stored in the recessed portion when the surface comes in contact with liquid. In this case, the apparent surface area of the complex surface consists of solids and gaseous substances. High roughness reduces the fraction of the ber surface, while the air portion increases, resulting in a decrease in the area of the ber surface in contact with the droplet and improvement in the hydrophobicity.
The typically hydrophobic surface of the silver ragwort leaf bers with numerous grooves and the lotus leaf with nanoprotrusions were successfully imitated in the SiO 2 /PS bers surface, shown in Fig. 8(g ). This indicates that the dualbiomimetic, superhydrophobic bers can be centrifugally spun from a mixed solution of PS and silica nanoparticles (Fig. 10) .
N 2 adsorption-desorption measurement
The PS ber surface was completely covered by SiO 2 when the SiO 2 content reached 9 wt%, but there was still lots of SiO 2 in the ber, as shown in Fig. 11 . It can be seen that internally, the PS ber exhibits a uffy, porous structure. We also used Brunauer-Emmett-Teller (BET) methods to analyze the specic surface areas of SiO 2 /PS bers.
The presence of SiO 2 in addition to the pores, grooves and wrinkles on the ber surfaces cause SiO 2 /PS bers to have a relatively higher SSA. It is shown in Fig. 12 respectively. Fig. 13 shows isotherms obtained by the nitrogen adsorption/desorption test. The shape of the curves in Fig. 13 represent adsorption/desorption isotherms of typical mesoporous materials (Type IV), 25 and the adsorption curve falls behind the desorption curve, while the presence of the hysteresis curve conrms the presence of the porous structure. According to the isotherm classication criteria established by International Union of Pure and Applied Chemistry, 25 the hysteresis loop in this gure belongs to the H3 type, which means that pores are present in the test material, and the shape of the pore is long and lamentary.
Conclusions
A facile and effective centrifugal spinning system was developed to quickly fabricate superhydrophobic PS bers by using a highspeed rotary spinneret. We used this technology to effectively prepare superhydrophobic PS bers. The different parameters, such as solution concentration, the content and size of SiO 2 , rotational speed, nozzle diameter and nozzle-collector distance, are related to ber morphology. Results show that the morphology of the bers can be easily manipulated by selectively controlling spinning parameters. The typically hydrophobic surface of the silver ragwort leaf bers with numerous grooves, and the lotus leaf with nano-protrusions, were successfully imitated in centrifugally-spun SiO 2 /PS ber surfaces. In addition, the as-prepared SiO 2 /PS ber internally exhibits a uffy, porous structure, which can be used for other applications as well. As a result, the centrifugal spinning technology is a promising approach for superhydrophobic ber production in a low-cost and large-scale fashion. 
